equivalent quotients TEQ per ton MSW burned [8] . Because the highest load of PCDDs has been recorded in fly ash, the interest of numerous scientific teams has turned to decontamination methods applied to this particular material. Consequently, numerous methods for decomposing PCDDs, PCDFs, and co-PCBs in fly ash have been developed. These include thermal [9] , electron-beam [10] , photochemical [11] , and purely chemical treatments, such as selective catalytic reduction [12] , catalytic hydrodechlorination [13] , as well as metal oxide [14] , sodium hypophosphite [15] , potassium-polyethylene glycol (KPEG) [16] and noblemetal catalysed treatments [17] .
Starting from metallic calcium's ability to slowly react with alcohols, we have developed in the past few years our own mild and efficient method for the dehalogenation of aromatic chlorocarbons [18] . This was applied to the hydrodechlorination of co-PCBs, PCDDs, PCDFs, and congeners [19] . The basic method simply implies the use of metallic calcium in methanol or ethanol, the hydrodechlorination occurring under the action of nascent hydrogen resulting from the interaction of metallic calcium with the alcohol. Among the advantages of this low-cost and energy-saving method stands its wide applicability and thorough repeatability. The method was further improved by combining the Ca/methanol mixture's properties with the reducing capacity of the Rh/C catalyst and showed that such a system is extremely efficient in the degradation of PCDDs, PCDFs and co-PCBs inside both fly ash [19c] or contaminated dry soils [19a] .
Some of the aforementioned methods have been applied on an industrial scale and have considerably decreased the PCDD/PCDF ratio and co-PCB contents of fly ash. Unfortunately, PCDDs, PCDFs, and co-PCBs have deposited decades ago and are present deep in sediment layers, posing a threat to environmental wildlife, agriculture, and human health [17a] . An important shortcoming, hindering the application of these methods to soil decontamination, is soil moisture [20] . Given a certain degree of humidity, soil particles tend to form tight aggregates that are difficult to break up, thereby preventing efficient penetration of the extraction solvent (typically non-polar [21] ) to transport contaminants from the soil. Excess water dilutes the solvent, thereby reducing contaminant solvation and its transport efficiency. For this reason, soils containing more than 20% moisture must be dried before treatment [20] . Furthermore, water buildup in the stock solvent requires an additional distillation step to maintain solvent integrity.
Calcium is a cheap, commercially available and easily handled metal, which, when introduced into a solvent having low environmental impact, can trigger the generation of nascent hydrogen. Further fixation of hydrogen on the aromatic substrate, with subsequent elimination of the chlorine atom, is favoured by the presence of a reduction catalyst such as Rh/C. In the case of wet soil, the presence of water becomes an advantage, instead of being a disadvantage as for existing hydrodechlorination methods. This is because water can also act as a hydrogen donor. Therefore, the reaction pathway can be devised as a three-step process (Scheme 1) [18,19b] . First, calcium generates free electrons that can interact, in the second step, either directly with the chlorinated substrate or with hydrogen donors, breaking the C-Cl bond or forming nascent hydrogen [18,19b] . In the last step, reduction of the chlorinated aromatic ring occurs under the action of the reductive species, as previously reported in several studies performed by Tundo [16a] , and ourselves [18, 19] .
According to this plausible pathway [19b] , alkaline species (RO − or HO − ) are formed in steps 1-2. This outcome is extremely convenient for neutralizing the hydrochloric acid evolved in the last step, which is highly damaging to the noble metal catalyst. Using X-ray diffraction, the presence of large quantities of CaCl(OH) and derivatives were previously recorded in the final aqueous/alcoholic slurry [18,19b,19e] .
Step Step 3:
Step 2: Herein, we report the effectiveness of our method [18, 19] , using Ca -Rh/C in methanol, for the direct decontamination of artificially contaminated wet soils with up to 84.6% moisture.
Experimental procedure

General
Distilled water was used for all reactions. Commercially available methanol (Wako Pure Chemical Industries Ltd.) and granular particles of metallic calcium (99%, particle size distribution = 2-2.5 mm, surface area = 0.43-0.48 m 2 g -1
; Kishida Chemical Co. Ltd.) were used. Also, 5% Rh/C was used (particle size distribution = 3.0-271 µm, average of distribution = 40.1 µm, surface area = 542 m 2 g -1 , BET; Aldrich Chemical Co.). Calcium and Rh/C catalysts were used directly, with no pretreatment. Reactors used in these experiments were either glass-sealed and pressure-resistant tubes, sealed hermetically with a teflon cork (35 mL; Ace Glass, Inc.), either portable metallic reactors with a steel lid insulated with teflon rings (TVS-1 type, 38 mL internal volume; Taiatsu Techno Corp.), which permitted the measurement of internal pressure and temperature variations using a pressure gauge and a thermocouple thermometer, respectively.
Polychlorinated derivatives polluted soil samples were manufactured artificially by thoroughly mixing, during 3 days in a rotatory device, equal amounts (weight) of completely dried soil and fly ash samples from a small-batch MSWI. The highly uniform and homogenous mixture was thermally treated in an oven, at 105°C, for 8 h, for expelling all moisture. Next, the mixture was left open to the atmosphere to absorb moisture; the mixture was weighted every half hour. When it reached a constant weight after 3 consecutive determinations, the moisture content of the mixture was determined to be 7.6%. The samples containing this level of moisture will be referred to hereinafter as dry soil. The mica/isinglass/fibrolite soil type used, produced in the Okayama prefecture, is available in 1-20 kg packs at typical Japanese hardware stores. Its physical and chemical characteristics are the following: particle dimensions = 75 µm -2.0 mm [22] ; chemical composition = SiO 2 (74.1%), Al 2 O 3 (13.0%), Na 2 O (3.2%), K 2 O (2.7%), Fe 2 O 3 (1.7%), CaO (0.86%), TiO 2 (0.20%), MgO (0.16%), and with the remainder (4.08%) being organic material [22] . An artificially polluted soil was thus obtained. A known amount of water was added, obtaining a wet soil comparable with a natural soil with saturated moisture content weight / weight. The moisturized soil sample was then submitted to the degradation procedure. PCDD, PCDF, and co-PCB concentrations were determined before and after treatment using GC-ECD and HRGC-HRMS analyses.
Typical procedure for the treatment of wet soil-contaminated samples
A 1 g (±0.050 g) sample of dry artificially polluted soil was mixed with 2 mL and 5 mL water, producing soil samples with 69.2% and 84.6% moisture content, respectively (taking into account the 7.6% initial moisture content of dry soil). The wet soil sample and 5 mL methanol were introduced into the reactor and mixed thoroughly. A system composed of 0.4 g Ca and 0.1 g 5% Rh/C was added in one portion, after which the tube was hermetically sealed. The reaction mixture was magnetically stirred at 400 rpm at the required temperature and time durations (Table 1) . Subsequently, the reaction mixture was poured into 100 mL of 1 M nitric acid, then, extracted twice with 100 mL dichloromethane under vigorous shaking. Upon separation from the aqueous layer, the combined organic phases were washed with distilled water until the pH of the aqueous layer reached pH 7.0. The dichloromethane layer was dried on anhydrous MgSO 4 , then filtered and concentrated to 10 mL. Assignment and quantification of the PCDD/PCDF/ co-PCB mixtures were made using GC-ECD (for the overall hydrodechlorination yield) and HRGC-HRMS (for the detailed distribution of the 29 most toxic congeners of PCDDS/PCDFs and PCBs) analyses with the following conditions. For GC-ECD analyses (results presented in Table 1 ) conditions were: gas chromatograph (GC-14B; Shimadzu Corp.) equipped with a 2 m glass column (i.d. = 3.0 mm, column packing = OV-17, 2% Chromosorb WAW DMCS 80/100) and N 2 as the carrier gas. Injections were performed in splitless mode. An ECD detector was used ( 63 Ni 370 MBq, 10 mCi; cell current = 0.05 nA). In the GC program, the injection port and detector temperatures for the column were, 230°C and 250°C, respectively. The initial temperature was 180°C, being held for 5 min. The rate of temperature increase was 10°C min ) up to 255°C (336 kPa), and the temperature was held there for 5 min. The column temperature was then increased by 40°C min -1 (100 kPa min -1 ) up to 260°C (500 kPa), where it was maintained for 20 min. Injections were performed in splitless mode. The carrier gas was He (99.9999% purity), and its column flow rate was 2.0 mL min -1
. Injection port and ion source temperatures were 265°C and 250°C, respectively. The ionisation energy and current were 45 eV and 600 µA, respectively. The resolution was 10000. The general procedure for assignment and quantitative determination, as well as details of the clean-up and syringe spikes as internal standards for all isomers of PCDDs, PCDFs, and co-PCBs, are related to the relevant regulations [23] .
Results and discussion
An important aspect of our research is represented by the substrate of the decomposition treatment: the polluted soil. Two options were presented here: (1) to directly treat a polluted soil sample drawn from the field or (2) to treat a mimic of a polluted sample, obtained in the laboratory. We were also interested in considerations regarding the efficiency of our system during the degradation process (expressed as toxicity loss of the polluted soil), therefore we chose to prepare the artificially polluted soil to avoid any contamination with foreign species that could tamper with the hydrodechlorination process, other than those normally existing in this type of soil (organic, inorganic or microbiologic). For instance, it has previously been demonstrated that soil minerals such as birnessite (δ-MnO 2 ) or ferrihydrite (Fe 5 HO 8 •4H 2 O) can be effective for the removal of organo-chlorinated compounds (e.g. 4-chloroaniline and pentachlorophenol) from soil suspensions [24] . The artificial preparation of polluted soil samples is usually carried out by spiking, a method in which the clean soil is mixed with various pollutants dissolved in an organic solvent, followed by slow evaporation of the latter [25] . Again, in our desire to avoid external contamination with an organic solvent and to keep the procedure as simple as possible, we chose to perform a simple but thorough mixing of clean soil samples with contaminated fly ash from a MSWI. The MSWI fly ash content of PCDDs, PCDFs and PCBs was carefully determined prior to the experiment. Moreover, such a procedure is a repetition of one of the most frequent ways of penetration in soils of the chlorinated pollutants, through the deposition onto landfills of fly ash from a MSWI.
For comparison with some previous results and with data obtained from the relevant literature [19] , initial experiments were performed using a hydrodechlorination process on a crude artificially polluted soil sample, which was moisturized by atmospheric humidity. Analysis of the model samples showed an overall quantity of 450 000 pg congeners of PCDDs, PCDFs, and co-PCBs per gram of soil. Another analysis of the soil sample after hydrodechlorination treatment with a Ca + Rh/C system in a methanolbased solution revealed 98.6% degradation, confirming our previous result of 98.0 to 99.0% degradation of PCDDs/PCDFs/co-PCBs obtained for simple fly ash [18,19b,19c,19e] . We therefore submitted highly moisturized samples of artificially polluted soil to the degradation process, considering the effect of time and temperature on the overall degradation efficiency of the method. Experimental conditions and preliminary results are presented in Table 1 .
Each experiment was carried out first in a steel reactor (in order to record pressure and temperature variations), and next, for assessing its repeatability, in a pressure-resistant glass tube. Interestingly, the pressure variation was similar, regardless of the temperature. This variation was determinant in the reaction time choice. In the first 4-4.5 h, the pressure was approximately constant (~0.03 MPA). After that, a first inflexion point appeared and the pressure started to rise at a constant rate, during the next 4 h. Then, a second inflexion occurred and the pressure is becoming again constant (~0.35 Pa), even after 24 h. First, we attempted to shorten the reaction time by working at a higher temperature. The decomposition yield dropped dramatically when the temperature was increased. A possible explanation for that fact is the partial vaporization of methanol. Nevertheless, the fact that hydrodechlorination did occur even in these conditions can be a considered a proof of the involvement in this process of water as a secondary hydrogen source. A slight increase in decomposition yield seemed to appear at higher moisture contents (process C). Longer reaction time or higher temperature did not seem to improve the degradation yields (on the contrary, hydrodechlorination yields are dropping even more). By reverting to room temperature and a longer reaction time, we ensured a 98.9% decomposition yield of the pre-existing PCDDs/PCDFs/co-PCBs mixture in wet soil, which is comparable with the yield obtained for normal dry soil. Therefore, by our method even moisturized soils can be submitted to a depollution treatment without a prior drying step, which is either energy-or time-consuming. Nevertheless, these decomposition yields incorporate all congeners and are therefore not relevant for assessing the toxicity reduction in these soil samples. To better clarify the decomposition process, the analyses were refined to refer to the 29 most toxic congeners of PCDDs/PCDFs/co-PCBs, according to Japanese and international regulations [22] .
Results obtained during decompositions are separately presented in Tables 2-4 for PCDDs, PCDFs, respectively PCBs, along with the calculated TEQs. We have chosen a complete description of the results, as presented accordingly to Japanese Industry Standard Committee, only for those experiments that presented a decomposition yield over 70% (see Table 1 -the process can is designated in each Table header by the corresponding letter from Table 1 ). We have gathered these results in Table 5 , where total amounts of PCDDs, PCDFs and PCBs are presented along with total concentration for each category of toxic congeners [7] and, more important, the degradation yield for each category.
Compared to the same treatment of a dry sample at room temperature for 24 hours, when the artificially polluted soil sample in a sealed tube was subjected to a moderate temperature (80°C for 4 h), most congener concentrations did not drop as expected. Our initial assumption, that at higher temperatures the decomposition rate would be higher, was incorrect. Most surprising was that the concentrations of some very toxic derivatives increased instead of diminishing or were reduced only by half, imparting a rather high TEQ to the final mixture. Intrigued by this result, we perused the scientific literature on this subject and discovered that there are some theoretical, mechanistic and real-time studies concerning the differences in the degradation rates of the different congeners of PCDDs and PCDFs [26] . For instance, it was shown that the reactivity and isomer-specific hydrodechlorination pathways of mono-to octachlorinated dioxin congeners could be described by quantum-mechanical parameters such as carbon charges and the magnitude of the energy gap between the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO), whereby a smaller gap (which signifies greater molecular reactivity) was associated with higher chlorinated congeners [25] . In other words, the higher the number of chlorine atoms, the easier the hydrodechlorination. But the hydrodechlorination process is not going all the way: higher chlorinated substrates (octa-and hepta-chloro derivatives), with lower TEF (therefore less toxic) start easily to loose chlorine atoms, yielding lower chlorinated derivatives with average content of chlorine of 3 to 5 chlorine atoms (mainly the tetra-chloro derivatives), with higher TEF and therefore much more toxic. A recent study in time-trends in dechlorination pathways of dioxins in agrochemically contaminated sediments, carried out in Tokyo bay area [17a] shows that the required time for dechlorination products to form are "at least 4.7 ± 0.5 years (mole %) -1 for 1,2,3,4,6,7,9-HpCDD and 25.2 ± 1.7 years (mole %) -1 for 2.3.7.8-TeCDF. This shows that tetra-chloroderivatives are more resistant and persistent than higher chlorinated compounds, which adds to their toxicity, hence their high TEF. Since at short reaction times there is a recalcitrance to hydrodechlorination of such toxic derivatives, it is understandable why the TEQ is higher than expected initially. This typical pattern is illustrated by our own results: perusing the results presented in Tables 2-4 and   Table 5 , upon comparison of polychlorinated derivatives' concentrations before and after submission to the hydrodechlorination process, it is obvious (especially for the 2 nd and 3 rd attempts -see Table 2 -4, columns B and C) that the decreasing rate of OCDD, OCDF or HpCB is higher than that of TCDDs, TCDFs or TCBs. In some cases (e.g. 2,3',4,4',5-PeCB and 2,3,3',4,4'-PeCB) the concentration after treatment is even higher that the concentration in the initial sample.
However, results obtained at room temperature and longer reaction time showed a consistent reduction of all 29 most toxic congeners from 132,766 pg g -1 to only 1,741.4 and 1,645.6 pg g -1 , for moisture contents of 69.2% and 84.6%, respectively.
It is interesting to notice the last 3 rows of Table 5 : the expression of the hydrodechlorination efficiency can refer to total loss of polychlorinated congeners, to hydrodechlorination of only the most toxic 29 congeners or the decrease of TEQ. It is noteworthy that, although a total concentration loss of almost 75% can be considered fair, in fact the toxicity is decreasing only by half. The reason is that, as presented previously, the most toxic congeners are also the most resistant to hydrodechlorination. In fact, in order to obtain a satisfactory degree of decontamination the process should be carried out until the TEQ decrease reaches values of over 98-99%.
Conclusions
The combination of Ca -Rh/C -methanol proved to be effective, at room temperature for 24 hours, for the direct treatment of artificially polluted wet soil samples to degrade PCDDs, PCDFs and co-PCBs toxic derivatives of all kinds. Increased temperatures processes are not an option, since hydrodechlorination yields are dropping during such processes, regardless of reaction time. An accurate assessment of toxicity loss can clearly be made by considering the degradation yield based on TEQ calculations.
